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The aim of this study was to examine whether older adults use the same task-specific
brain activation patterns during two different bimanual hand movement tasks as younger
adults. Functional magnetic resonance brain imaging was performed in 18 younger
(mean age: 30.3 ± 3.6 years) and 11 older adults (62.6 ± 6.8 years) during the
execution of cooperative (mimicking opening a bottle) or non-cooperative (bimanual pro-
/supination) hand movements. We expected to see a stronger task-specific involvement
of the secondary somatosensory cortex (S2) during cooperative hand movements in
older compared to younger adults. However, S2 activation was present in both groups
during the cooperative task and was only significantly stronger compared to the non-
cooperative task in younger adults. In a whole brain-analysis, the contrast between older
and younger adults revealed a hyperactivation of the bilateral dorsal premotor cortex
(precentral gyrus), right thalamus, right frontal operculum, anterior cingulate cortex,
and supplementary motor areas in older adults (p < 0.001), with some of them being
visible after correcting for age. Age was positively associated with fMRI signal changes
in these regions across the whole sample. Older adults showed reduced gray matter
volume but not in regions showing task-related fMRI group differences. We also found
an increase in functional connectivity between SMA, M1, thalamus, and precentral gyri
in older adults. In contrast, younger adults showed hyperconnectivity between S2 and
S1. We conclude that older compared to younger adults show age-related functional
neuroplastic changes in brain regions involved in motor control and performance.
Keywords: functional magnetic resonance imaging, somatosensory cortex, neural coupling, healthy aging,
neuroplastic changes
INTRODUCTION
Aging leads to a decline in movement performance (Eudave et al., 2016; Zapparoli et al., 2016).
During hand or foot movements, this is associated with an impaired limb coordination, and an
altered brain activation (Heuninckx et al., 2004, 2005; Goble et al., 2010, 2012; Heitger et al., 2013).
Using perfusion positron emission tomography, it has been shown that older adults demonstrate
a hyperactivity (compared to younger adults) of cortical areas even in simple auditory-cued finger
(Calautti et al., 2001) or hand (Hutchinson et al., 2002) movements. According to a functional
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magnetic resonance imaging (fMRI) study, a general increase
in the activation of sensorimotor networks, including areas
involved in cognitive monitoring of movement performance
and integration of information from the two sides of the
body, occurs in older participants who performed isolated
flexion and extension of the wrist or ankle (Heuninckx et al.,
2005). These findings indicate an age-related shift along a
continuum from automatically to more “consciously” controlled
movement performance. The observed hyperactivity was
suggested to compensate sensorimotor deficits and counteract
an age-related decline in motor function (Heuninckx et al.,
2005). However, other studies reported age-related cortical
hyperactivation using fMRI during bimanual coordination
tasks not only in somatosensory cortex but also in the
dorsolateral prefrontal cortex, inferior frontal gyrus (IFG),
supplementary motor area (SMA), inferior parietal- and
cingulate cortex (Coxon et al., 2010; Goble et al., 2010; Maes
et al., 2017). Hyperactivity was also seen in older adults in
other motor studies (Ward and Frackowiak, 2003; Ward,
2006; Heuninckx et al., 2008; Van Impe et al., 2009, 2011),
indicating that this neuroplastic age-related change (i.e., brain’s
ability to reorganize itself by forming new neural connections
during aging) could be a generic rather than task-dependent
process.
Recently, stronger activation of the bilateral secondary
somatosensory cortex (S2) during cooperative (mimicking
opening a bottle using a hand-made device) compared to
non-cooperative hand movements has been described (Dietz
et al., 2015). This finding supported the role of S2 being
responsible for the integration of sensory information from
both hands (Lin and Forss, 2002; Wenderoth et al., 2005),
which is specifically required for the movement coordination
between the two sides during cooperative hand movements.
The task specific neural coupling underlying cooperative hand
movements could also be demonstrated by electrophysiological
experiments (Schrafl-Altermatt and Dietz, 2014; Dietz et al.,
2015). These electrophysiological findings were confirmed to
be valid also in older participants (Schrafl-Altermatt and Dietz,
2016a,b).
The aim of this study was to evaluate whether S2 shows
age-dependent changes in the fMRI signals during cooperative
hand movements as a sign of neuroplastic changes. According
to the compensation hypothesis (Goble et al., 2010), it is
assumed that S2 becomes more strongly activated in older
adults compared to younger participants during cooperative
hand movements. Alternatively, hyperactivity in older subjects
might become task-independent and could be present in brain
regions in and outside of S2, as described in previous studies
(Coxon et al., 2010; Goble et al., 2010). We applied two types
of analyses to examine the research question: (1) a whole-
brain approach to study task and group differences in and
outside of S2, and (2) a task-related functional connectivity
(FC) approach. The latter approach enables to assess local and
distributed connectivity based on the comparison of temporal
changes in task-dependent brain activity between groups, as a
measure of temporal fMRI signal coherence on the intra- and
interhemispheric level.
MATERIALS AND METHODS
Participants
Imaging data of 22 adults was reported in a previous
report (Dietz et al., 2015). We selected a younger subsample
of the previous study population (n = 18) to have a
more homogeneously distributed age range (i.e., age differs
maximally one standard deviation from the mean age across
the group). New data of 21 participants (age ≥ 45 years)
was collected. For the final sample size and age ranges, we
refer to the results section. All participants were right-handed
(Oldfield, 1971). Demographic data was compared between
groups using Chi square test or independent Student’s t-test.
Participants were recruited from the local community (University
Hospital Zurich and Balgrist University Hospital) by word of
mouth.
Procedure and Design
This study was approved by the Ethics Committee of the Canton
of Zurich and conformed to the standards set by the Declaration
of Helsinki. Participants were informed about the purpose of
the experiment and all gave written informed consent for their
participation. Participants performed two tasks during fMRI.
Each task was performed in a separate run using a block design.
The full details of the tasks were described elsewhere (Dietz
et al., 2015). In brief, participants performed a cooperative hand
movement task mimicking the opening and closing of a bottle
using a custom-made and hand-held MR compatible device and
a bimanual non-cooperative task of pronation and supination
with fMRI-compatible dumb-bells. The sequence of fMRI runs
(i.e., cooperative and non-cooperative tasks) was randomized
across participants and was balanced within each group to
minimize order effects, i.e., odd-labeled (1, 3, etc.) participants
in each group (young and old adults) started with the cooperative
hand movement task, whereas even-labeled participants of each
age group started with the non-cooperative hand movement
task. For all tasks, a centrally presented green or red rectangle
was shown for two seconds alternatively. During each of the
10 blocks, participants had to perform seven supination or
“opening the bottle” movements on the green cue and seven
pronation or “closing the bottle” movement with the red cue
(block duration: 28 s). We visually controlled the performance
of movements with a camera installed in the MRI scanner
room (movement patterns were not recorded). Each block
of active movements was followed by a baseline block, with
a centrally presented yellow rectangle (same size as the red
and green rectangle) shown for 8–10 s (mean duration 9 s).
Participants were instructed to fixate the rectangles presented on
the screen, which was visible via the mirror in the head coil.
The occurrence of eye movements was thereby minimized. Ten
active and ten resting blocks were presented for each task. The
synchronization between the fMRI clock and the temporal onset
of the visual cues was controlled by Presentation1. Participants
were familiarized with the movements before starting the
experiment and showed no difficulty performing the movements
1www.neurobs.com/presentation
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smoothly and correctly. The two tasks were comparably simple
regarding execution.
Data Recording
Functional MRI images were acquired on a 3-T Philips
Ingenia whole-body MRI system (Philips Medical System,
Best, Netherlands) at the University Hospital Zurich
equipped with an 8-channel head coil. Cortical activation
was examined in 181 scans per run using 30 transverse
slices in oblique orientation. The blood oxygen level-
dependent imaging parameters (echo time = 35 ms, repetition
time = 2 s, field of view = 220 mm × 220 mm, voxel size:
2.75 mm × 2.75 mm × 4 mm, reconstructed voxel size:
1.72 mm × 1.72 mm × 4 mm, flip angle = 78◦) were employed
by the application of the sensitivity encoded (SENSE, factor
1.8) single-shot echo planar imaging (EPI) technique allowing
interleaved order of slice acquisition. The use of SENSE
imaging shortens the readout trains in single-shot EPI,
reduces the susceptibility to artifacts, and improves spatial
resolution (Boujraf et al., 2009). Four dummy scans were
acquired at the beginning of each run and discarded to
establish a steady state in T1 relaxation for all functional
scans.
Data Analysis fMRI
Post-processing was identical to the steps described in our
previous study (Dietz et al., 2015). All fMRI images were
post-processed with MATLAB 7.9 (Mathworks Inc., Natick,
MA, United States) and the Statistical Parametric Mapping
software (SPM8, Wellcome Trust Centre for Neuroimaging,
London, United Kingdom). The post-processing steps included
realignment (head motion correction using three translation and
three rotation values), normalization to the EPI template
provided by the Montreal Neurological Institute (MNI
brain, McGill University, Montreal, Canada), re-slicing to
2 mm× 2 mm× 2 mm voxel size (i.e., to match the EPI template
resolution), and spatial smoothing using 8-mm full-width
at half-maximum Gaussian kernel. An autoregressive model
of the first order was used to account for serial correlations.
High-pass filtering with a standard 128 s cut-off eliminated
slow signal drifts. A standard hemodynamic response function
was used for convolution of the model regressors. First-level
analyses were conducted using a voxel-wise generalized linear
model (GLM), which reflects a flexible generalization of an
ordinary/simple linear regression (Friston et al., 1995). We
included six head motion parameters as regressors of no interest
(covariate) in the first-level single-subject analysis to minimize
signal variance explained by head motion despite the fact that
the groups did not differ with respect to any of the parameters
(p > 0.05 for all rotation and translation values). For the
group analysis, each task was entered as separate regressor
into 2 × 2 repeated-measures ANOVA containing the factors
task (cooperative and non-cooperative hand movements) and
group (younger and older adults). We first tested for a main
effect of age and task as well as for group × task interaction
effects. In case of a significant effect (p< 0.05, cluster-corrected),
we performed post hoc tests. For within-group comparisons,
we applied comparisons using paired t-tests (with the same
statistical threshold). Unpaired t-tests were performed for
between-group contrasts. The cluster extent threshold was
obtained by simulating whole-brain fMRI activation using cortex
custom software written in MATLAB (Slotnick et al., 2003). In
a single simulation, by modeling the entire functional image
matrix, assuming a type I error voxel activation probability
of 0.001, and smoothing the activation map by convolution
with a 3-dimensional 8 mm FWHM Gaussian kernel, the size
of each contiguous cluster of voxels was determined. After
10,000 simulations, the probability of each cluster size was
determined and the cluster extent that yielded p < 0.05, i.e., 29
contiguous resampled voxels, was selected for use in voxel extent
thresholding.
Additional Between- and Within Group
Differences and Correlations
Additional between-group comparisons were performed for
each task using age as covariate in the model to account
for the age range in each group. Further, we performed a
ROI-based analysis in brain regions showing a significant
group difference by calculating Pearson correlations between
age and brain activity (beta weights) across younger and
older adults. ROI-related activity was extracted using a
sphere (6 mm diameter) around the MNI peak coordinate.
Within-group correlations were calculated as Spearman’s
correlations. Polynomial regressions of second order were
fitted to overall FC × age and beta-weights × age data. The
highest points of the parabola were calculated to estimate at
what age peak values are reached. All results are reported at
p < 0.05.
Voxel-Based Morphometry
We applied voxel based morphometry (VBM), which is
implemented in SPM82, to examine structural group differences.
The VBM analysis followed standard steps and was performed
using the T1-weighted 3D data to obtain gray matter volumes
(GMV) for eight of 18 younger adults (we did not record T1
images for the other younger adults due to time constraints)
and for all eleven older adults. The MRI images were first
segmented into GM, white matter (WM), and cerebrospinal fluid
(CSF) and images were bias corrected using a unified model
inversion algorithm (Ashburner, 2007). For each participant,
this resulted in three tissue images in the same space as the
original anatomical image, in which each voxel was assigned
a probability of being GM, WM, and CSF, respectively.
The GM and WM segments were then warped into a
reference space [MNI average brain template, Evans et al.
(1992)] using a diffeomorphic non-linear image registration
tool (using DARTEL) (Ashburner, 2007). Finally, the GM
volumes were scaled with the Jacobian determinants estimated
by the registration step (i.e., “modulation”) in order to
preserve the local tissue volumes and resulting images were
smoothed using an isotropic Gaussian kernel with 8 mm
full width at half maximum. We performed separate group
2http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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comparisons using GM controlling for total intracranial volume.
Results were reported at p < 0.05 (cluster-corrected, k > 29
voxels). We also compared GMV and total intracranial
volume (i.e., the sum of GM, WM, and CSF) between
groups.
FC
We investigated FC related to spontaneous background activity
(Fox et al., 2006; Fox and Raichle, 2007; Norman-Haignere
et al., 2012) during the cooperative hand movement task to
test for intra- and interhemispheric FC differences between
groups. FC was analyzed using the CONN toolbox, version
17e (Whitfield-Gabrieli and Nieto-Castanon, 2012). We used
the default steps suggested for resting-state fMRI connectivity
analysis. First, outlier detection (using ARtifact detection Tools)
and scrubbing (Power et al., 2012) was performed additionally to
the post-processing steps described in the Section “Data Analysis
fMRI” (realignment, normalization, spatial smoothing, high-pass
filtering). Next, data were band-pass filtered (0.01–0.1 Hz) as
recommended for FC analysis (Biswal et al., 1995). WM and CSF
signals were used as covariates of no interest in addition to the six
motion parameters to reduce variance unlikely to reflect neuronal
activity. Only the WM and CSF signals were removed to avoid
any bias introduced by removing the global signal (i.e., GM). This
denoising step has been shown to “normalize” the distribution
of voxel-to-voxel connectivity values as effectively as including
the global signal as a covariate of no interest but without the
potential problems described for the latter method (Behzadi et al.,
2007; Murphy et al., 2009). Additionally, linear detrending was
performed during the denoising step. After the denoising step,
the distribution of voxel-to-voxel FC was visualized for each
step.
We compared FC in regions involved in motor and sensory
processing. Regions of interests (ROIs) were the midline
primary motor cortex (M1), bilateral postcentral gyri (primary
somatosensory cortex, S1), SMA, S2, thalamus, and precentral
gyrus (PCG). All ROIs, except for S2, were extracted from the
WFU_pickatlas (Maldjian et al., 2003). The S2 ROI was chosen
identical to the one described in our previous publication (Dietz
et al., 2015), as the WFU_pickatlas does not comprise a single area
for S2.
Group differences were investigated by regression analyses.
The t-values were calculated as t = b1/SE (with b1 = slope of
the sample regression line, SE = standard error of the slope). All
results are reported at p< 0.05 (two sided) corrected for multiple
comparisons using false discovery rate (FDR) correction.
RESULTS
General
Data from seven older adults had to be removed due to excessive
head movements (>3 mm translation) during one or more
fMRI runs. In addition, we only included participants with
an age ≥53 years narrowing the age range in this group.
Hence, the final sample consisted of 18 young adults (mean age:
30.3 ± 3.6 years, range 24–36 years) and 11 older adults (mean
age: 62.6± 6.8 years, range 53–73 years, 7/11> 60 years). Groups
differed significantly in age (p < 0.001 unpaired two-sample
t-test) but not in gender (p > 0.05, Chi-square test).
FMRI
We found a main effect of group and task (F = 12.11, p < 0.05,
cluster-corrected) but not a group × task interaction. Whole-
brain activation maps for both groups and tasks are shown in
Figure 1. Activation looks comparable between groups, yet it
appears that S2 was activated less strongly in older compared
to younger adults. As we found significant main effects of
group and task, we then applied different statistical comparisons
on the post hoc level. First, we compared within group-
differences comparing the two tasks. Then, we performed (for
each task) statistical comparisons between groups. As reported
in our previous study (Dietz et al., 2015), we found stronger
BOLD signal changes for the contrast “cooperative versus non-
cooperative hand movements” in a smaller sample of younger
adults (Figure 2 and Table 1) in bilateral S2 and right S1.
However, none of the other within-group comparisons revealed
a significant difference.
Comparing groups for each task, showed hyperactivity
exclusively in the group of older participants (Figure 3 and
Table 2). The hyperactivity was found in the bilateral PCG,
thalamus, IFG/frontal operculum (FO), and anterior cingulate
cortex (ACC) for the cooperative movement task, and in the PCG
and SMA for the non-cooperative movement task. Most of the
reported regions survive as correction for age (indicated by ∗).
FC
All participants showed normally distributed data after denoising
and were therefore included for further analyses. We found
significant hyperconnectivity in older adults for the following
functional connections: left SMA – right SMA, left SMA – M1,
right SMA – M1, left SMA – right S1, left PCG – right SMA,
and right S1 – right thalamus. In contrast, younger adults showed
significant hyperconnectivity for theses connections: left S1 –
right S1, left S2 – right S1, and left S1 – M1 (Figure 4 and Table 4).
Age-Dependent Brain Activation
Figure 5 shows differences in brain activation and FC between
the two age groups for the cooperative hand movement task.
Figure 5A shows the age in years of the included participants.
As shown in 5B, FC was significantly stronger in older adults
compared to younger adults for left PCG – right SMA as well
as for right thalamus – right S1. Within the young group, non-
significant positive correlations were found for both FCs while
no correlation was found within older adults. The estimated
peak-connectivity was 61.5 years for left PCG – right SMA
and 51.2 years for right thalamus – right S1. Figure 5C shows
significant differences in beta-weights between younger and older
adults for right PCG, left PCG as well as right thalamus. In
all three regions, activity was stronger in older adults. Within
group analysis, however, revealed positive correlations only
within younger adults (significant for left PCG) but negative
correlation within the older group (significant for right and left
PCG). Estimated peak-activity amounted to 57.1 years for right
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FIGURE 1 | Whole-brain within-group analysis indicating BOLD signal changes for younger and older adults for the non-cooperative (green) and the cooperative
(red) hand movement tasks. (A) Younger adults; (B) older adults. Results are shown at p < 0.05 (cluster-corrected). S2, secondary somatosensory cortex.
FIGURE 2 | Whole-brain analysis for younger adults for the contrast “cooperative versus non-cooperative task.” Results are shown at p < 0.05 (cluster-corrected).
BOLD signal changes are seen in the bilateral S2 and right S1.
PCG, 53.4 years for left PCG and 46.6 years for right thalamus,
respectively. Older adults also showed higher beta-weights during
the non-cooperative task (Supplementary Figure S1). However,
no within-group correlations were found and no peak-age could
be estimated. The task × age fMRI analysis indicates similar
group differences as shown by the 2 × 2 ANOVA, although the
effects were most pronounced in the IFG/OP (Supplementary
Figure S2).
Brain Structure
We observed significantly higher GMV in younger adults in
several brain regions (Table 3). However, none of these changes
were present in brain regions activated in the study tasks.
Younger adults showed higher global GMV (p = 0.03) and total
intracranial volume (p = 0.02) compared to older adults.
TABLE 1 | Summary of BOLD signal differences for the contrast “cooperative hand
movement task versus non-cooperative hand movement task” for younger adults.
Brain region Hemisphere Peak MNI
coordinate
Cluster
size
Peak
t-value
S2 Left −60, −12, 16 30 3.25
S2 Right 54, −14, 18 99 3.87
S1 Right 52, −18, 46 141 3.34
DISCUSSION
In this study, we examined differences in the brain activation
pattern between younger and older healthy adults during
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FIGURE 3 | Whole-brain between-group fMRI analysis for the cooperative task (A) and non-cooperative task (B). Older adults demonstrated significantly (p < 0.05,
cluster-corrected) stronger fMRI signal changes compared to young adults in precentral and frontal brain regions in addition to the thalamus (cooperative task only)
and the supplementary motor area (SMA, non-cooperative task). ∗Regions that survive a correction for age.
cooperative and non-cooperative bimanual movements.
According to the compensation hypothesis (Goble et al.,
2010) and based on previous results (Dietz et al., 2015), we
assumed enhanced task-specific activation of the S2 cortical
areas during cooperative hand movements in all participants and
an increase of S2 activation in older participants. Both groups
showed S2 activation during cooperative hand movements,
the contrast to non-cooperative movements was, however,
only significant in the younger group. The activation (of S2)
appeared visually to be even less strong in older adults (see
Figure 1), but the group difference (for each task) was not
significant.
The novel finding was that older adults demonstrated spatially
widespread hyperactivity in the PCG, thalamus, ACC, IFG/FO
(cooperative task), and SMA (non-cooperative task) compared to
younger adults, but not in S2. These findings suggest that older
adults use a more general, task-unspecific brain activation for the
performance of bimanual movements. Importantly, these results
are in line with the compensation hypothesis, with the exception
of S2 not showing hyperactivity in older adults compared
TABLE 2 | Summary of BOLD signal differences for the contrast “older adults – younger adults” during the performance of the non-cooperative task and the cooperative
hand movement task.
Brain region Task Hemisphere Peak MNI coordinate Cluster size Peak t-value
Non-cooperative
Precentral gyrus Left −40, −4, 58 275 4.28
Right 30, −8, 58 94 4.16
Supplementary motor area Left −8, −144, 70 36 5.04
Cooperative
Precentral gyrus Right 42, −8, 56 58 3.77
Left −42, −6, 58 44 3.26
Thalamus Right 8, −24, 12 51 3.67
Anterior cingulate cortex Right 20, 38, −2 82 3.66
Inferior frontal gyrus (frontal operculum) Right 34, 32, 14 517 3.71
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to young adults. The latter could indicate that compensatory
changes (i.e., hyperactivity) in S2 might occur later in life or might
depend on task difficulty. Our results most likely indicate that
the specific function of S2 in the group of younger adults during
cooperative hand movements is taken over in older adults by
other brain areas showing hyperactivity. Our results – related to
S2 – might be in conflict to the study of Heuninckx et al. (2005),
as these authors found hyperactivity not only in similar regions
found in our study but also in S2. Yet, the group of older adults
was older (64.8 years of age; range, 62–71 years versus 62.6 years,
range 53 – 73 years), indicating that age (but also the task type)
might be a critical factor for observing hyperactivity in older
adults in bimanual coordinating tasks, particularly in S2.
Our findings extend a previous study reporting that older
adults rely on supplementary circuitries which are important in
cognitive operations (Reuter-Lorenz and Park, 2014) as we found
activation outside of sensorimotor regions (M1 or S1/S2) but in
areas involved in motor control and preparation.
It has not definitively been determined whether changes in
the brain activation pattern in older adults during movement
performance are compensatory and thus reflect effectivity (for
review see Ward, 2006). Studies on movement control of older
participants showed an over-activity in more distributed neural
networks. This was suggested to mirror the maintenance of a
sufficient level of performance (Mattay et al., 2002; Wu and
Hallett, 2005) supporting the compensation hypothesis. Other
studies using simple motor tasks, i.e., tasks with comparable
motor performance in younger and older participants, such as
wrist or ankle movements (Heuninckx et al., 2005), isometric
hand grip (Ward and Frackowiak, 2003) or finger tapping
(Calautti et al., 2001) showed a general increase in the brain
activation pattern in older compared to younger participants.
Cooperative hand movements are efficiently performed in
both younger and older participants using S2 and other cortical
areas for the neural coupling of the two hands. For S1 and S2 it
is known that they integrate somatosensory signals from the two
sides of the body (Hari et al., 1998; Disbrow et al., 2001; Lin and
Forss, 2002; Wenderoth et al., 2005; Tamè et al., 2015a,b). Based
on our observations made in older participants, coordination
between the two hands becomes also more important for the
successful performance of various bimanual movement tasks.
In fact, no difference between cooperative and non-cooperative
movements were present in the older subject group and a similar
pattern of activated regions was shown for both movement tasks.
The additionally activated areas (e.g., PCG and SMA) in older
adults are known to be involved in motor control, such as
planning and execution of movements (for review see Nachev
et al., 2008), as well as in the spatial and sensory guidance of
movements (Roland et al., 1980a,b). Our findings of stronger
activation in the SMA in older adults are in line to another
fMRI study that demonstrated higher SMA activity for wrist and
ankle movements in older adults compared to younger adults
(Heuninckx et al., 2005).
The involvement of the PCG and of the SMA in the control
of bimanual movements is in so far plausible that these cortical
areas follow the age-related shift to a more controlled movement
performance, independently of the type of bimanual task. An
interesting finding in the older participants was the specific
activation of the thalamus, which has connections to the PCG,
seen only in the contrast older-younger during the cooperative
task. The thalamus is known to be involved in motor imagery
(Muller et al., 2013). This observation might suggest that older
adults rely more on visualization/imagery during more complex
movement performance. Our findings are not in line with the
notion that there is shift from subcortical to cortical activation
with aging (for a review see Maes et al., 2017). Yet, our sample
of older adults had a mean age of about 63 years, indicating
that subcortical regions are still required for bimanual hand
coordination.
It is evident that not all sensorimotor regions follow a pattern
of increased activation with increasing age. For example, a greater
contralateral activation of S1 and PCG was found in younger
adults, whereas SMA had significantly higher activation in older
adults during a repetitive motor task (Hutchinson et al., 2002).
Furthermore, the ipsilateral sensorimotor cortex was stronger
activated in older adults during complex (index) finger motor
tasks of both hands, pointing toward compensatory recruitment
of motor cortical units in this subject group. The bimanual tasks
studied here were easy to perform but, nevertheless a stronger
activation was observed in older adults. We hence conclude that
age-related increases in brain activation are not solely due to
task-difficulty but can also be task-independent.
It has been described that handedness significantly influences
bimanual coordination on the behavioral and physiological
(shown by electroencephalography, EEG) level (Kourtis et al.,
2014). However, as all our participants were right-handed,
we conclude that none of the between group differences are
influenced by handedness.
Age-Dependent Brain Activation
In general, fMRI and positron emission tomography studies in
aging have demonstrated regional hyperactivation in the motor
but also in cognitive and perceptual circuits (Grady et al.,
1994; Cabeza, 2001; Calautti et al., 2001; Cabeza et al., 2002;
Logan et al., 2002; Mattay et al., 2002; Ward and Frackowiak,
2003; Park et al., 2004; Naccarato et al., 2006; Riecker et al.,
2006; Heuninckx et al., 2008; Van Impe et al., 2011; Sala-
Llonch et al., 2015). Two hypotheses (and modifications hereof)
have been proposed to explain such hyperactivations with
aging: dedifferentiation and compensation. The dedifferentiation
hypothesis stresses a decrease in functional specificity during
task performance in older adults (Grady et al., 1994; Logan
et al., 2002; Park et al., 2004; Sala-Llonch et al., 2015), most
likely due to reduced inhibitory control. The compensation
hypothesis formulates that the additional recruitment of brain
regions is a compensatory mechanism for functional and/or
structural deficits in particular brain regions (Calautti et al., 2001;
Mattay et al., 2002; Naccarato et al., 2006; Heuninckx et al.,
2008). In fact, the compensation hypothesis is not applicable
in case hyperactivations are behaviorally not beneficial anymore
due to higher task demand (Reuter-Lorenz and Cappell, 2008;
Schneider-Garces et al., 2010; Grady, 2012). However, as the task
demand was low in our study, we think that this is not a valid
hypothesis to explain our results.
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FIGURE 4 | Task-based FC analysis. During the cooperative hand movement task, older adults showed hyperconnectivity compared to younger adults for the
following connections: left SMA – right SMA, left SMA – M1, right SMA – M1, left SMA – right S1, right SMA – left PCG, and right S1 – right thalamus. Younger adults
showed higher connectivity between the left S1 – right S1, left S2 – right S1, and left S1 – M1. All results are shown on p < 0.05 (FDR-corrected).
It has also been shown in EEG studies that aging leads to
elevated alpha and beta desynchronization and lower functional
hemispheric asymmetry in older adults (Labyt et al., 2003, 2004,
2006; Vallesi and Stuss, 2010; Rossiter et al., 2014; Schmiedt-Fehr
et al., 2016). During bimanual finger tapping coordination task,
it was shown in an EEG study that older adults showed increased
desynchronization in the alpha and beta band, being present over
parietal (alpha) and sensorimotor (beta) brain areas (Blais et al.,
2014). Our results support the notion of lower unilateral task-
related activation, as we found group differences for both tasks
bilaterally at least in the PCG (see Figures 1, 3). Our findings
might indicate a loss of neuronal selectivity for a particular motor
task but with preserved motor performance. In contrast, we did
not observe group differences in the parietal cortex for both
tasks. This might be explained by the fact that our task was
easy to perform and did not, as in Blais et al. (2014), require
intermediate phase coordination. In younger adults, a positive
relationship between age and fMRI signal strength was found
for the cooperative task within each of the three examined ROIs
(Figure 5). However, in older adults (showing hyperactivity in
these ROIs), there was a significant inverse association to age in
the PCG. This indicates that at a certain age hyperactivity tends
to decrease again in some brain regions, while it stabilizes in
others. A similar, though not statistically significant, effect was
found for the FC in two of these three ROIs. FC seems to become
strengthened with increasing age, which is in line with previous
research (Heitger et al., 2013). At a certain point, the increase
seems to stop at the FC level. The peak age of FC is higher
than the peak age estimated for the fMRI signal strength. This
might indicate that there is an alteration of increasing activity
and strengthening FC in order to maintain motor performance
with increasing age. For example, inclusion of an older group
of participants might have revealed a positive relation between
age and hyperactivity again. During the non-cooperative task, no
initial increase followed by decrease in older adults was observed.
Only hyperactivity in older adults compared to younger adults
was shown during this task. The non-cooperative task might
not be as challenging as the cooperative movement and motor
performance may be maintainable by just increasing activity
without strengthening FC.
Using the whole sample, we found similar brain regions
(spatially more pronounced at the IFG/FO) in an fMRI × age
correlation (Supplementary Figure S1). In addition, the results
reported in Figure 3 (based on the 2 × 2 ANOVA), survive
for each group comparison for each task if corrected for age.
Taken together, these findings suggest (1) the presence of
task-independent age-related neuroplastic changes (increases) to
maintain motor task performance and (2) that these fMRI effects
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FIGURE 5 | Box plots illustrating age-related effects during the cooperative task. (A) Age distribution of younger (black boxes, yellow-purple subject dots) and older
(gray boxes, green-blue subject dots) adults. (B) FC for left precentral gyrus (PCG) – right SMA and for right thalamus – right primary somatosensory area. (C)
Beta-weight distribution for three regions of interest (right PCG, left PCG, and right thalamus). R2-values represent within-group Pearson coefficients for
FC/beta-weight × age correlations, with (+) indicating a positive and (−) a negative correlation. “EstPeak” indicate the estimated age in years when the peak of
FC/beta-weight is reached. ∗ Indicate significant (p < 0.05) between-group differences or within-group correlations.
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TABLE 3 | Gray matter volumes (GMV) differences between older adults and younger adults.
Region Hemisphere Cluster size Peak t-value MNI coordinate
x y z
Planum temporale Left 1043 7.35 −56 −36 14
Middle cingulate gyrus Left 3650 7.31 −1 −5 21
Brain stem Left 1812 6.71 −2 −15 −24
Anterior insula Right 869 6.64 45 14 −2
Cuneus Right 3655 6.07 1 −75 29
Superior parietal lobe Left 229 5.91 −27 −65 45
Superior parietal lobe Right 1717 5.82 35 −57 50
Medial prefrontal cortex Left 2315 5.75 −5 42 −20
Postcentral gyrus Left 157 5.53 −57 −20 38
Younger adults demonstrated higher GMV. All results are reported at p < 0.05 (cluster-corrected).
can be reliably detected using different statistical approaches,
i.e., using an ANOVA with and without age correction or an
age× fMRI task activation correlation across the whole sample.
It has been also shown in younger adults that there is a
functional dissociation with respect to the internal versus external
control of bimanual hand movements (Debaere et al., 2003).
The PCG and thalamus (and other brain regions) are involved
when movement were guided by visual feedback. In contrast, the
SMA (and other brain regions) are predominately involved when
movements were internally generated. Based on our findings, we
found that visually guided movements (as present for both tasks)
activated the PCG and thalamus. A novel finding of our study
is that this activation was more pronounced in older adults and
additionally involved the SMA (non-cooperative task). We hence
suggest that it is not only the type of movement control that could
trigger activation in these brain regions but also age. However, as
we did not test internal bimanual hand movements, we cannot
comment on whether fMRI signal responses would differ in older
(and younger) adults between internal versus external control of
bimanual hand movements.
Relationship Between Structure and
Function
Older adults showed GMV volume decline and also lower global
GMV and total intracranial volume. Importantly, none of the
TABLE 4 | Summary of group differences in task-based FC.
Comparison Connections
Older adults > Younger adults Left SMA – right SMA
Left SMA – M1
Right SMA – M1
Left SMA – right S1
Right S1 – right thalamus
Left PCG – right SMA
Younger adults > Older adults Left S1 – right S1
Left S1 – right S1
Left S1 – M1
All results are reported at p < 0.05 (FDR corrected).
regions showing functional group differences demonstrated an
altered GMV (see Table 3). We hence conclude that the observed
functional differences were not driven by differences in GMV, i.e.,
any form of atrophy. This result was expected as our group of
older adults was on average 62.8 years and included only 5 (out of
11) participants above 65 years.
FC
An adequate motor coordination of bimanual movements in
older adults may not only be achieved by an additional neural
recruitment but also by aging-related changes of functional
relationships between brain regions (Heitger et al., 2013). It
has been shown using fMRI that functional connectivity across
various brain regions or networks is reduced in older adults
(Sala-Llonch et al., 2015). However, aging during cognitive tasks
can lead to both increased and decreased FC (Sala-Llonch et al.,
2015). Only few studies have examined task-based FC using
EEG in the elderly (Vecchio et al., 2014). Vecchio et al. (2014)
reported shorter normalized characteristic path length than
younger adults in the alpha band, suggesting disturbed efficiency
in communication between distant brain regions. Heitger et al.
(2013) examined task-related fMRI FC in younger and older
adults during continuous and difficulty matched (across groups)
in-phase and anti-phase wrist movements. The authors found
tighter functional communication, as measured by a shortened
communication path length, in addition to stronger task fMRI
activity in older adults. Notably, higher FC was present in
older adults for both tasks, probably indicating neuroplastic
adaptations to resist the loss of coordinative stability.
In the present study, the task-based (cooperative hand
movement task) FC analysis indicates that the SMA (bilaterally),
M1, right thalamus, right PCG, and postcentral gyri were
hyperconnected in older compared to younger adults. In contrast,
S1 and S2 were hyperconnected in younger adults. These results
suggest that age-related effects were not only produced by group
differences in the fMRI signal amplitude but also by coherence
differences between the two brain regions. We conclude that
stronger interhemispheric interactions, mediated by the corpus
callosum, is required for bimanual coordination in older adults.
The enhanced connectivity was present in areas responsible for
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motor preparation and execution (PCG and M1) as well as for
sensory processing (thalamus). In contrast, younger adults rely
more on interhemispheric integration of brain areas integrating
sensory inputs from both body sites (i.e., S1 and S2). It has
been shown that anatomical connections underlie FC networks
(Damoiseaux and Greicius, 2009; Greicius et al., 2009), although
this is still a matter of debate (Honey et al., 2009, 2010). For
example, full functional coherence (fMRI signal amplitudes are
100% aligned in phase between two or more brain regions)
does not implicate that these brain regions are monosynaptically
connected. It is also known that task instruction (Norman-
Haignere et al., 2012) and task performance (Sepulcre et al.,
2010) can modulate FC. The function of ongoing activity is
intimately related to attention and task preparation (here a
motor responses). Even though the strength of FC is constrained
by structural connectivity, it is modulated by mental states
and current context, such that intrinsic activity “constitutes the
brain’s internal context for processing external information and
generating behavior” (Kenet et al., 2003; Fontanini and Katz,
2008; Sadaghiani et al., 2010).
We hence interpret our FC findings in younger and older
adults as representing stronger intrinsic task-related background
activity in the described brain regions. Our study extends
the notion that hyperactivation in older adults mirrors the
maintenance of a sufficient level of performance (Mattay et al.,
2002; Wu and Hallett, 2005) supporting the compensation
hypothesis, as we found not only hyperactivation but also
hyperconnectivity in older adults. WM signal (as well as CSF
signal) was removed in the analysis to minimize the influence of
physiological “noise”. Hence, all reported FC results are unlikely
to be mediated by differences in the WM signal.
Task Difficulty
Our findings suggest increasingly task-independent activations
of sensorimotor cortical areas as a function of age during the
performance of various bimanual hand movements. As our task
was not designed to examine behavioral parameters such as
accuracy or speed, we could not evaluate whether stronger brain
activation was associated with task effort. However, both tasks
were rather easy and comparable in difficulty, despite the higher
complexity of the cooperative task. Visual control of movement
performance by an examiner confirmed stable, smooth and
correct performance of both tasks by all participants. Increasing
speed and testing accuracy during cooperative movements might
be an interesting approach in the future as it has been shown that
an increase in brain activation – especially in older adults – is
positively correlated to task difficulty (Heuninckx et al., 2005).
However, having a constant and easy task difficulty has also
a major advantage: any of the observed group differences are
unlikely to be “biased” by behavioral differences between groups
but rather reflect age-related functional changes. In this context,
it is known that the control of amplitude and direction can
contribute to bimanual coordination (Pan and Van Gemmert,
2018). In our study, both tasks differed with respect to movement
direction and amplitude (i.e., different movement directions
comparing tasks). Potentially, this could explain some of the
observed activation differences comparing cooperative to non-
cooperative task at least in younger adults. However, examining
the spatial relationship between hand movements when their
amplitude and direction is altered, was not systematically tested
in this study. Hence, we don’t know whether a different spatial
relationship between hand movements and varying movement
amplitude or direction would have an impact on the brain
activation in younger and/or older adults.
Limitations of the Study
A limitation of this study is that our group of “older participants”
was not really old compared to other studies (e.g., Heuninckx
et al., 2005), as we also included few participants below 60 years.
However, we observed a similar pattern of hyperactivity in older
adults without and with correcting for age (i.e., correction for the
distribution of age within each group) and for an age × fMRI
signal correlation (across all participants), indicating that older
adults demonstrate hyperactivity irrespectively of the performed
statistical analysis. The latter finding indicates that the examined
age range was wide enough to capture an age-related shift
along a continuum from automatically to more “consciously”
controlled movement performance in older adults, supporting
the compensation hypothesis.
Another limitation is that we collected structural data only
in a sub-sample of younger adults (due to time constraints).
Hence, we cannot fully exclude that GMV reductions in older
adults appear different in case of the full sample of younger adults
examined in our study.
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FIGURE S1 | Box plots illustrating the beta-weights distribution during the
non-cooperative task for three regions of interest (right PCG, left PCG, and right
thalamus). R2-values represent within-group Pearson coefficients for
beta-weight × age correlations, with (+) indicating a positive and (−) a negative
correlation. ∗ Indicates p < 0.05 (two-tailed unpaired t-test).
FIGURE S2 | Illustration of the task × age correlation analyses across the whole
sample. (A) Results for the cooperative movement task. (B) Results for the
non-cooperative hand movement task. All results are shown on p < 0.05
(cluster-corrected).
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